Solution processed colloidal semiconductor quantum dots offer a high potential for decreasing costs and expanding versatility of many electronic and optoelectronic devices. Initially used as a research tool to study charge carrier mobilities in closely packed quantum dot thin films, field effect transistors with quantum dots as the active layer have recently experienced a breakthrough in performance (achievement of mobilities higher than 30 cm 2 V À1 s À1
Introduction
The use of colloidal quantum dots (QDs) in films for electronic and optoelectronic applications was suggested soon after the discovery of a quantum size effect in these semiconductor nanostructures [1, 2] . Since then the advantages of inexpensive solution processed colloidal QDs such as size tunable band gap, a small exciton binding energy and high photoluminescence (PL) quantum yields have been successfully demonstrated in thin film optoelectronic devices, for example, in solar cells and light-emitting diodes [3, 4] . Yet, charge transport measurements on QD films in field-effect transistors (FETs) have shown rather limited promise, lagging well behind commercial silicon and even organic active channel FETs until recently, largely as a result of poor carrier mobilities due to the choice of interparticle ligand materials. In the following sections we describe the synthesis of colloidal QDs with traditional long chain organic ligands, the device physics of QD based FETs, and go on to discuss the development of chemical treatments that are now being applied to vastly improve QD active channel FET performance.
Quantum dot synthesis
Colloidal semiconductor QDs can be synthesized by a wide variety of wet chemistry techniques in both aqueous and organic solvents, and even in mixed solvents at the interface between water and organic phases or within microemulsions or aerosols [5] . There are several generic ligand based approaches to stabilize the growing inorganic nanoparticles. For some II-VI or III-V semiconductor QDs there is a clearly preferred type of synthesis to grow good quality particles, for example, on the basis of growth temperature and growth kinetics to favour particles with a high degree of crystallinity, a particular mean size and size distribution [6, 7] , and particle shape. In the latter respect, particles with near spherical shape are generally desirable for regular, close (hexagonally) packed films. Equally, regularly shaped (i.e. monodisperse) cube shaped nanocrystals can be grown and have been shown to pack into regular arrays with good quality, and can have superior transport properties [8, 9] to spherical particle arrays due to the lower average interparticle spacing. For the III-Vs and several II-VI and IVB-IV QDs, growth using the hot injection method derived from the early work of Murray et al. [7, 10] , when optimized, is generally found to produce good quality particles with well defined size, shape [11] , and material quality. The basic hot injection synthesis method is outlined in Fig. 1 . In most cases the metal precursor in the main reaction flask is initially held at a given temperature and the anion precursor, for example, TOP-Se (trioctylphosphine selenide), or (TMS) 2 -Se (bis(trimethylsilyl) selenide) is injected. Often the growth temperature is lower than the nucleation temperature (sometimes the lowering may be achieved conveniently by the injection of the cooler precursor alone). In some cases the reverse arrangement may be used, where the metal precursor is injected into a hot chalcogenide (or pnictide in the case of III-V QDs, among others) precursor solution. Figure 1b shows the transitions from nucleation, through growth from solution, followed by Ostwald ripening and finally to saturation.
Apart from PbSe (as exemplified in Fig. 1a ), the hot injection method has been used to grow good quality QD materials including PbS [12] [13] [14] [15] , and most notably with relevance to early FET work, CdSe [7, 16] . In early work on III-V QDs growth temperatures were quite high (e.g. 265 8C for InAs [17] ) and the resulting QD size distribution could be quite broad. More recently InSb QDs have been grown using a modified synthesis [18] with lithium bis(trimethylsilyl)amide (Li[N(Si(Me) 3 ) 2 ] used to improve the nucleation process, resulting in material with a 15% size distribution which could readily be narrowed by a size selective precipitation process.
For some materials, especially where higher (e.g. >100 8C) growth temperatures are not suitable [19] , there may be less of a clear cut case in favour of the hot injection route -this is more the case for materials such as HgTe, CdTe [20, 21] or Cd x Hg 1Àx Te alloy QDs [22] where room temperature or low temperature (<100 8C) aqueous methods may lead to equally useful material and for FET devices may also offer the benefit of the use of short chain, charge stabilizing rather than long chain sterically stabilizing organic ligands.
For FET devices the basic requirement is that good quality thin films (one to several or even a few tens of QD diameters in thickness), can be formed from the QD precursor solution. This requirement is readily met by QDs grown by the hot injection method: QDs with near monodisperse size distribution can be grown or directly transferred (after washing) into volatile solvents (e.g. hexane, toluene, acetone, among others) suitable for spin coating/layer by layer QD deposition methods. The use of long chain aliphatic ligands (such-like mercapto alkyls, alkyl phosphonic compounds, metal oleates) however is a distinct disadvantage for high carrier mobility films as such materials are effective dielectric insulators. In contrast aqueous QDs may be grown with relatively short chains (e.g. thioglycerol, mercaptopropionic acid, among others) but deposition of good quality films from aqueous solution is problematic due to the low solvent volatility. The much higher zeta potential (measure of surface charge) in aqueous QDs may also hinder the formation of close packed films due to the presence of strong interparticle repulsions if steps are not taken to reduce this. The latter could be achieved by changing the solution pH or adding small ions to screen the charge just prior to deposition.
Good quality thin films are obtained if the QDs are regularly and densely (i.e. close) packed. For simple single component QDs this is favoured where the QD size distribution is narrow and QDs are near spherical in shape [23] . The deposition process and the usual ligand exchange stage for FET structures mean that extended range close packing is unlikely, but close packed domains of perhaps 10-100 nm can be formed. On the larger length scale (>100 nm) the packing is somewhat more randomly arranged, that is, ordering is restricted to finite domains. However recent advances in techniques for the growth of QD and other nanoparticle superlattices [24, 25] (also termed colloidal crystals) which can maintain the ordered packing on up to 0.1 mm length scales offers some hope that deposition techniques may in the future be developed to allow such regularly packed QD structures (with appropriately short ligands) to be fabricated in thin film form suitable for FET structures.
Fabrication of QD FETs
For the fabrication of a quantum dot FET, two configurations are widely used (Fig. 2) . For the bottom-gate configuration, a highly doped silicon wafer is used as a gate separated from the QD film with a dielectric (e.g. SiO 2 ). On this substrate two electrodes, source and drain, are either pre-patterned by optical lithography and evaporation of a metal or post-patterned via shadow mask evaporation. The QD film is deposited by different methods, for example, by drop casting or spin coating. For the top-gate configuration, after the deposition of electrodes and QD films a dielectric layer (e.g. SiO 2 , Al 2 O 3 , or an ion gel) is formed on top. This dielectric layer separates the top gate from the QD film. For measurements, voltage is applied to the gate and the drain while the source is grounded [3] .
Silicon substrate based FETs are most commonly used for material characterization but there are also reports of polymer substrate FETs [26] for both characterization and most importantly to demonstrate the great potential of QDs to form FET electronic circuitry on low cost, flexible materials and moreover using low process temperatures to fabricate them.
Principle of FET operation
When a voltage is applied between the source and gate of a QD FET, charges are injected from the source and accumulate at the semiconductor-insulator interface. If the voltage exceeds a threshold, V T , a conducting channel is established. The application of a bias across the source and drain will then result in a drainto-source current (I DS ). At low drain voltages, I DS increases linearly with the drain voltage. Therefore the transistor is said to operate in the linear regime and the current-voltage equation can be simplified as (Eqn 1) [27] :
where W and L are the channel width and length, respectively, m lin is the field-effect mobility in the linear regime, C i is the capacitance density (per unit area) of the gate insulator, and V G and V D are the gate and drain voltages, respectively. When V D exceeds (V G À V T ), the free charge density in the vicinity of the drain contact decreases to approximately (but not quite) zero. This is called channel pinch off. At this condition, a further increase in the drain voltage will not enhance the drain current, and the device is said to operate in the saturation regime. The current is then given by (Eqn 2) [3] :
where m sat is the mobility in the saturated regime. In both (Eqn 1) and (Eqn 2) a knowledge of C i is required to extract the mobilities and this is simply calculated as (Eqn 3):
where values for the gate dielectric thickness, d, and the (static) permittivity of the dielectric material, e, are required. A range of gate dielectrics have been used in conjunction with QD FETs and their use often stems from earlier work on organic FETs and indeed also from the search for high permittivity dielectrics for the mainstream CMOS industry when gate dielectric thicknesses are being pushed to their limits [28] . Table 1 [28] discusses, there may yet be problems with film crystallinity which limit their application. Ion gels can be useful to generate very high polarization [29, 30] but fabrication of FETs with such materials in the gate structure has tended to be less compatible with mass manufacturing methods to date. For now, it seems that the best rational compromise in terms of potentially commercializable structures would be an Al 2 O 3 gate dielectric, which can be topped with a surface monolayer of alkylphoshonic acid or alkylchlorosilane if leakage current and moisture sensitivity are major concerns. However, new gate dielectric materials are being continually developed and this may yet be superseded. The principal QD FET figures-of-merit include the field-effect mobility, the current on-to-off ratio, the threshold voltage and the sub-threshold slope. In crystalline inorganic semiconductors, charges transport in a delocalized manner (band-like transport), and the main limiting factor for the field-effect mobility is the scattering of charges by phonons or impurities. In QD films the inter-dot coupling with long chain synthesis ligands is relatively weak, and although shorter ligands improve this (as discussed in later sections) coupling is still insufficient to show true demonstrable band-like transport as seen in silicon. This results in the charge carriers being highly localized and moving by tunnelling or thermally assisted hopping between QDs. Therefore the fieldeffect mobility of QD films can be influenced by the inter-dot distance, temperature and distribution of trap states. V T corresponds to the point at which the majority of the deep traps are filled and meaningful transport occurs. The threshold voltage is therefore a measure of the initial concentration of charge carriers [37] or in other words for the Fermi level in the film [38] (see Fig. 6b ). A lower V T reflects a higher doping level of the QD film [37] . The sub-threshold slope (SS) can be derived from Eqn 4 [3] ,
Steep SS is highly desired since it improves the ratio between the on-and off-currents at the turn-on voltage and makes the FET more energy efficient.
The development of QD FET materials and films
The development of QD FETs has its roots in the early work on photoconductivity and related electrochemical studies. The groups of Vanmaekelbergh [39] [40] [41] [42] [43] [44] , and Guyot-Sionnest [7, 45, 46] , made major contributions to the understanding of charge transport in QD films. These studies were essentially on QD electrochemical transistors, in which a reference electrode in an electrochemical cell is used instead of a gate electrode, and helped lay the foundations for the later solid film QD FETs by developing the models for the basis of charge transport in QD films.
Measurements on FETs with different QD materials have shown that the electrical conductivity in as-synthesized, untreated QD films is extremely low [47] . The low conductivity is attributed to long-chain dielectrically isolating ligand molecules that are used in the synthesis and a high number of surface dangling bonds due to unpassivated surface atoms which hinder charge transport by trapping charge carriers in mid-gap states [47] [48] [49] [50] . Materials that were shown to be insulating include HgTe [51] , SnTe [52] , PbTe [53, 54] , PbSe [32, 55, 56] , PbS [56] and CdSe [57] [58] [59] . These measurements showed that the films of colloidal semiconductor QDs have to be post-preparatively treated for their successful application in electronic or optoelectronic devices. This was in fact also realized very early in the development of QD film devices, preceding even the first demonstrations of QD FETs. In their work on electrochromism in CdSe films [60] , the Guyot-Sionnest group were the first to show the benefits of ligand exchange with short chain bifunctional molecules to reduce interparticle spacings and so improve the carrier mobilities and thereby electro-optic response times in their devices. In early studies on the photoconductivity of CdSe films Leatherdale et al. [61] had already made the correlation between the QD interparticle spacing and photoionization efficiencies, a useful measure of the barrier to charge transport posed by the presence of a number of different organic passivating ligands and core-shell structures in their case. In 2004 the Bawendi group then applied the same bifunctional amine ligand replacement approach suggested by Guyot-Sionnest's group and using a range of different length diamine molecules (giving a range of particle spacings from 1.1 nm down to 0.06 nm (with sodium hydroxide treatment) were able to show vastly improved photoionization efficiencies (approaching unity) with the reduced dielectric spacing between particles [62] .
The synergy between FET and photoconductivity research still continues. The more recently developed time-resolved microwave conductivity (TMRC) measurement method has been applied to CdSe and PbSe QD films by Talgorn and co-workers [63] [64] [65] to probe not only mobilities but also photoionization efficiencies and to follow the temporal behaviour of photoinduced carriers. The TMRC method has distinctly appealing benefits -small domains can be probed ($few 10s nm scale) reducing the influence of physical cracks in the film on the measurement. In addition, it is an electrode-free technique, eliminating the influence of carrier injection issues at the contact with the QD film. Thus TMRC can probe the intrinsic carrier dynamics. Again, with ligand exchange the technique has been used to probe the influence of the exchange ligand head groups and carrier length on the intrinsic transport properties [65] .
In the development of QD FETs, several more groups have shown different types of treatments to improve mobilities that can be classified into two categories based upon the effect on the conductivity. One way to increase the conductivity of the films is to improve the charge carrier transport. In this case, treatments are used to reduce the interparticle distance between the QDs [47, 66] . The first experiments used annealing and sintering as a way to contract the interparticle separation [1] . Very soon several groups started to exchange ligands on the QDs from long alkyl chain ligands like oleaic acid that were used in the synthesis to shorter organic molecules such as thiols or amines [67, 68] . A ligand exchange can be done either post-synthesis in solution [57] or post-deposition in film [55] . Several groups showed ligand exchange substituting inorganic complexes, foremost Talapin et al. using inorganic metal chalcogenide complexes (MCCs) [69] . The second way to improve conductivity in QD films is by chemical doping. Although, chemical doping in QDs brings new challenges when compared to the doping of bulk semiconductors [70] this approach, as exemplified by Choi and co-workers' doping of CdSe QDs with In, led to impressive mobilities and reports of band-like transport [71] .
The comparative benefits of each improvement method can be gauged with the aid of 
Methodologies for improvement of charge transport Annealing/sintering
Annealing and sintering of quantum dot films to increase the conductivity, has been shown in a range of QD materials. The optimal annealing time and temperature can be determined for different ligand molecules by thermogravimetric analysis [84] . In 2002 the annealing process in CdSe solid films was shown to have three major effects [85] : transmission electron micrographs showed that the distance between the particles in the film was reduced; the excitonic peaks of the QDs were red-shifted and broadened; finally, the decreased interparticle space and chemical transformations in the organic ligand molecules led to an increased tunnelling rate and consequently to an increase in the current [85] . Drndič et al. showed improvements in FET performance of annealed PbSe QD films [84, 86] . By annealing the nominally 1 nm thick insulating oleic acid shell around the QDs, the current increased from negligible, that is, less than 10fA, to several pA [84] . At the same time, the authors showed that with reduced interparticle spacing the transport changed from insulating, dominated by Coulomb blockade to semiconducting [84] . In the latter regime transport was dominated by nearest neighbour hopping of the carriers (NNH) [84] . Further electronic transport measurements from Bawendi et al. on annealed PbSe QD solids could also be described by hopping between intrinsic localized states [87] . Kim and Al 2 O 3 as the respective dielectric layers [74] .
These earlier examples showed that as-synthesized QD films can become more conductive upon heat treatment. However, in most cases the temperatures needed to remove long-chain organic ligands by heat alone are high enough to sinter the remaining QDs which thereby eliminates quantum confinement [57] . Furthermore, sintering often transforms the QD solid into a polycrystalline film with structural defects [47] . Consequently, the achieved mobilities remained rather limited.
Ligand exchange
As mentioned already, from the very earliest work by Talapin and Murray [47] mobility improvements in PbSe films were obtained with an amine based exchange ligand, it soon became obvious that further efforts to improve charge transport needed to concentrate on the surface of QDs. Ligand exchange (by chemical means) seemed to be a feasible way to replace bulky organic ligands with shorter ligands [88] to improve charge transport. There have been many studies based on this approach and these are discussed below, grouped by the chemical functionality of the substituting ligands (rather than chronologically).
Thiols
Several groups showed ligand exchange on (hot injection grown) PbSe films with ethanedithiol (EDT) [55, 89, 90] . Figure 3a shows that after EDT ligand exchange the interparticle spacing in the PbSe film decreased by about 16 Å . However, the quantum dot film also became disordered (Fig. 3a) and cracked widely (Fig. 3c) [55] . Law et al. extended the thiol treatment research with a systematic series of alkane-dithiol ligandexchanged PbSe films [79] . This way the carrier mobility could be correlated with the ligand lengths. A treatment with 1,2-ethanedithiol, 1,3-propanedithiol, 1,4-butanedithiol, 1,5-pentanedithiol, and 1,6-hexanedithiol showed that the carrier mobility decreased exponentially with increasing ligand length [79] . The carrier mobility of both carrier types increased by a factor of around 2.6 with every Angstrom decrease in ligand length [79] . The carriers' mobilities reached a maximum of 0.07 cm 2 V À1 s
À1
and 0.03 cm 2 V À1 s À1 for electron and hole, respectively, with the shortest molecule EDT [79] . In the same study, the authors also showed the dependence of the carrier mobility on the QD size. It was shown that the electron mobility reaches a maximum for 6 nm sized PbSe QDs while the hole mobility increased with size [79] .
Materials Today Volume 16, Number 9 September 2013 RESEARCH Several other groups also studied the EDT treatment of PbS QDs in films [15, 49, 66, 67, 91, 92] . Sargent et al. replaced the original oleic acid ligand with (very volatile) butylamine in solution and then treated the film with EDT [67] . The treatment resulted in a reduced interparticle spacing, which increased the hole mobility by a factor of 10 compared to untreated films to reach a value of 10 À4 cm 2 V À1 s À1 [67] . At the same time, the EDT treatment reduced the doping level of the PbS QD solid. The reduced doping level was attributed to a reduction in the surface oxidation of QDs in the film which serves as a p-type dopant. The QD films could be re-doped again by heating in air without losing the gains in the carrier mobility [67] . A systematic study on the influence of EDT treated QD solids exposed to different gases was given by Norris et al., which is very much needed for the application of EDT treated QD films in electronic or optoelectronic devices [93] . The group investigated the influence of N 2 , O 2 and Ar for different exposure times and pressures on the electronic properties of PbSe solids. The fabrication and characterization of devices with QD solids will be done in most cases under inert atmosphere and the devices might be exposed to air somewhere during the process. Norris et al. found that ambient exposures longer than tens of seconds led to permanent and irreversible reductions in the carrier mobilities and a switch from ambipolar to p-type transport [93] . Surprisingly exposure to N 2 had an impact on the charge transport measurements in the PbSe films with electron mobility increasing, arguably because of passivation of electronic trapping sites by N 2 . The increase in the electron mobility was reversible once N 2 was removed and the samples were put back into vacuum [93] . These results show that in the fabrication of QD sensitized optoelectronic devices special attention has to be given to the surrounding conditions.
Law et al. compared the effects of air exposure in PbS and PbSe QD films ligand exchanged with EDT and short-chain carboxylic acids [56] . The authors showed that films treated with carboxylic acids oxidized much slower upon air exposure than the films treated with EDT [56] . Hole mobilities reached up to 0.3 cm 2 V À1 s À1 for formic acid-treated PbSe QD films which makes the short-chain carboxylic acid treatment a viable option to increase efficiency and stability in QD solar cells [56] . In a similar vain, the same group also showed that atomic layer Several groups also used ligand exchange with dithiocarbamates [57, 94] . PbS QDs were ligand exchanged with strongly bonded N-2,4,6-trimethylphenyl-N-methyldithiocarbamate to protect them from oxidation in a solar cell [94] . Norris et al. performed ligand exchange on PbSe/CdSe core/shell and CdSe QDs with octyldithiocarbamate [57] . These ligands could be pyrolized at low enough temperatures to prevent the QDs from sintering and therefore kept the quantum confinement [57] . Other groups showed that QD ligands could be similarly removed by other means without compromising the quantum confinement, for example, by treatment with (NH 4 ) 2 S [95] or light exposure [96] .
Amines
As well as the preceding body of early work on ligand exchange with thiols, several groups used different amines to increase the conductivity of QD films, especially hydrazine [7, 47, 78] . A treatment with hydrazine was demonstrated for a wide range of QDs: PbS [47, 97] , PbSe [32, 47, 78, 98] , PbTe [47, 53] , SnTe [52] , CdSe [7, 47] and InP [47] . Hydrazine treatment increases the conductivity of a QD solid via two mechanisms: first, depending on the chemical conditions, the long chain ligands used in the synthesis are replaced [32, 98] and the interparticle spacing is reduced [47] ; second, hydrazine acts as a n-type dopant, as previously observed for PbSe solids [32, 47] Microstructure of spin-cast PbSe QD films before and after EDT treatment (a) small-angle X-ray scattering data, showing $16 Å decrease in QD spacing and dramatic loss of superlattice order upon EDT treatment. SEM images of (b) an untreated film and (c) a treated film. Untreated films have a peak-to-valley roughness of AE75 nm. Scale bar = 1 mm. Reprinted with permission from Ref. [55] . Copyright 2008 American Chemical Society.
even for the shortest amine used, pyridine, the mobilities reached not more than of 8. Even though the ligand exchange with short chain organic molecules improves charge carrier mobilities as reviewed above, it also has several disadvantages. Some of the chemicals used, for example hydrazine, are highly toxic [32] . As shown in Fig. 3 , these treatments of QD films tend to lead to macroscopic cracks due to (ligand) volume losses [55] . A ligand exchange with organic molecules often changes QD properties through an increase of surface dangling bonds and mid-gap charge-trapping states [99] . Volume loss during the treatment is especially undesirable for optoelectronic devices since the macroscopic cracks could short circuit the device upon deposition of a top metal electrode [78] . To avoid short circuits, ligand exchange can alternatively be done in solution or it is also possible to do several cycles of a layer-by-layer deposition of QDs and a chemical (exchange) treatment on each cycle [55, 78] . In 2010 Sargent et al. showed a solar cell with 5% efficiency in which a thick film was built up from several cycles of PbS QD deposition and chemical treatment with 3-mercaptopropionic acid (MPA) at each stage [100] .
Inorganic: MCCs, metal-free ligands and ammonium thiocyanate
To avoid the disadvantages of ligand exchange with short chain organic molecules cited above, several research groups, foremost Talapin et al., started to work on inorganic post-synthesis ligand treatments. In 2009 Talapin et al. proposed an all-inorganic ligand exchange with molecular metal chalcogenide complexes (MCCs) [69] . [35] .
Claiming a more environmentally friendly approach, Kagan et al. used ammonium thiocyanate (NH 4 SCN) for an inorganic ligand exchange, both in solution and film [73] . CdSe QDs ligandexchanged in solution formed an n-type channel with mobilities up to 3 cm 2 V À1 s À1 [73] . Several groups also used NaOH for ligand exchange in CdSe QD films [72, 104] . In a top gate configuration with ion gels as a dielectric, mobilities up to 0.6 cm 2 V À1 s À1 were observed [72] . Another inorganic ligand exchange strategy was demonstrated by Sargent et al. [66] . Figure 5 shows a scheme for atomic ligand passivation of PbS QDs with different halide anions (Cl À , Br À and I À ) [66] . This scheme increased the efficiency of QD sensitized solar cells to an impressive value of 6% in 2011 [66] and then crossed the 7% level in 2012 by a hybrid scheme of atomic ligand passivation in solution and organic ligand exchange in film [4] . Increased carrier mobilities (up to 4 Â 10 À2 cm 2 V À1 s
À1
) were attributed to surface passivation and substitutional doping from the atomic ligand passivation with halide anions [77] .
Recently, our group showed the synthesis of CdSe QDs with mercapto-substituted polyhedral oligomeric silsesquioxane (SH-POSS) as a surface ligand [105] . Even though POSS proved not to be a ligand favourable for charge transport in QD films [105] , this example demonstrate that synthesis with ligands of specific functionalities other than the standard organic long chain alkyl molecules is possible.
As ) [107] . This impressive improvement in mobilities triggered the next step in research on QD based FETs [35] . To use QDs as active channels in commercial FETs, besides the charge carrier mobilities other parameters have to be optimized simultaneously. Commercial grade quantum dot FETs would require low operation voltages, small energy losses due to switching hysteresis and fast switching times [35] . For QD FETs there is still a lack of understanding of the charge transport mechanisms and nature of trapping sites and kinetics in different device geometries and material combinations and the influence of these issues on the mentioned parameters [35] . Consequently, QD based FETs showed much higher operational voltages than organic [108] or Si FETs [109] and strong hysteresis [35] . Switching times also remained largely uninvestigated in QD FETs before 2012 [35] .
With the demonstration of high carrier mobilities, in 2012 Talapin et al. began to systematically investigate charge transport and trapping in different device geometries and material combinations to achieve simultaneously high carrier mobilities, low operational voltages, minimal hysteresis and fast switching speed [35] . For low operational voltage FETs there must be a strong capacitive coupling between the QD channel and the gate [35] . Also, the contact between the QD channel and the source and drain has to be optimized to minimize voltage drops at the 
FIGURE 5
Organic and atomic ligand passivation strategies. PbS QDs having a Pb 2+ -rich surface are initially capped with deprotonated oleic acid (OA). In the organic route, EDT substitutes the long OA ligands and binds to Pb 2+ on the surface. In the atomic ligand route, a cadmium-tetradecylphosphonic acid (Cd-TDPA) complex was first introduced to the QD surface to passivate the exposed S 2À anions (S1). A solid-state halide treatment, for example, using cetyltrimethylammonium bromide (CTAB), introduced Br À to cap the surface cations (S2). Colours are green (lead), yellow (sulphur), cyan (carbon), white (hydrogen), red (oxygen), grey (cadmium), blue (bromine) and purple (nitrogen). Adapted by permission from Macmillan Publishers Ltd: J. Tang et al. [66] , copyright 2011.
electrodes [35] . In a bottom-gate configuration, thin ZrO x film (6 nm) with a high dielectric constant (e $ 9) was used as the dielectric layer while the source and drain electrodes were Al. In this configuration a low operational voltage FET was demonstrated [35] . At the same time, these devices showed a strong hysteresis attributed to traps in the semiconducting channel [35, 110] and at the semiconductor-dielectric interface due to hydroxyl groups at the ZrO x surface [35, 111] . To reduce the number of traps and consequently reduce hysteresis, in organic FETs an insulating (e $ 2) and hydroxyl-free fluoropolymer, Cytop, is widely used [35, [112] [113] [114] . Talapin et al. showed that for QD FETs also the hysteresis could be minimized with Cytop as the dielectric layer in a top-gate configuration [35] . In addition these devices showed higher switching frequencies [35] . For the Cytop top-gate devices the mobilities remained lower than for the bottom-gate devices, which was attributed to a different dielectric capacitance and applied gate bias and a rough interface between QDs and the dielectric Cytop layer [35] . Alumina has been reported in a number of cases to be a good low hysteresis gate dielectric [26] . Kim et al. [36] have investigated the source of the hysteresis in SiO 2 dielectrics in studies on PbSe nanowire FETs and attributed it to the presence of surface water formed at the terminating silanol groups. Switching to Al 2 O 3 reduced the hysteresis and further coating with PMMA helped as a water barrier (even low moisture levels in the glove box in which devices were processed had a noticeable effect on their devices). Silicon nitride, polyimide and parylene were also investigated, though all still showed a level of hysteresis. The most successful combination proved to be an alumina dielectric topped by a self-assembled monolayer (SAM) of octadecylphosphonic acid (ODPA), presumably largely due to the hydrophobicity of the alkylchain layer, borrowing from an approach similar to that used in organic FETs by Klauk et This systematic approach to work on QD, gate and contact materials to simultaneously improve different FET parameters could pave the way to make the step for QD FETs from research to commercial products.
Chemical doping
Adding extra carriers into the film by chemical doping is another way to increase the conductivity of QD films [29] . The mobility of a QD based FET is a function of the Fermi level and chemical doping changes the Fermi-level range that is accessible. Chemical doping also opens the pathway for electronic and optical devices, for example, p-n junctions, that are conceptually similar to those that have been used in bulk semiconductor technology for decades [115] [116] [117] [118] . In principle, two ways of doping have been explored in QDs: remote doping, where an electron donor is placed close to the QD surface and impurity doping [29] . However, controlling the process of doping has been proven very challenging for QDs [119] . Incorporating impurities into QDs, has been a synthetic challenge [38, 119] . In most cases a doping precursor is included in the synthesis [70] . One difference relative to bulk semiconductors is the quantum confinement which leads to new phenomena in the doping process [70] . One of the models suggested to explain doping and its specific challenges in QDs is ''self-purification'' which means that the solubility of the impurity is much reduced in the QD compared to the bulk material [120, 121] . The successful incorporation and foremost the location of the impurities in the QD can be also difficult to prove [70, 119] . A further problem associated with the doping of QDs is that of determining the influence of the impurities on the structural, optical and electronic properties of the material. The Fermi level in a QD film depends on the number of electrons in the film. As described in the introduction, the turn-on voltage represents the difference between the Fermi level and the conduction band [38] . Therefore, FETs with impurity doped QD films are not only useful for measuring mobilties but also for determining the Fermi level which in return can give information about the impurities in the doped film [119] . Despite the challenges of doping QDs, on which several excellent papers and reviews were recently published [116, [122] [123] [124] [125] , ''doping the undopable'' [126] has been shown to improve the conductivity in a number of QD based FETs:
Remote doping of CdSe with sodium biphenyl [127] ; of PbTe in a superlattice with Ag 2 Te [54] . Impurity doping of CdSe with Ag ions via a cation exchange [29] and with In and Al via a three-part core-shell synthesis [38] ; of InAs doped with Cd [115] and with Cu, Ag or Au postsynthesis [128] ; of PbSe with Ag via a partial cation exchange reaction [119] ; of PbS and PbSe with excess Pb or Se by thermal evaporation into a QD film [81] . Kagan et al. and Talapin et al. extended the work on ligand exchanged QDs with MCCs, metal-free ligands and ammonium thiocyanate by doping these QDs with In and different cations [37, 71] . Kagan et al. did a ligand exchange with ammonium thiocyanate in CdSe QDs and then doped QD films by thermal diffusion of indium [71] . The authors showed that the ligand exchange strongly coupled QDs which gave rise to band-like extended states in the film [71] . Doping with indium shifted the Fermi level above the trap levels so that these bands were accessible for transport [71] . Consequently, the mobilities increased to 27 cm 2 V À1 s À1 [71] .
Norris et al. demonstrated impurity doping of CdSe QDs with Al, In [38] and Ag [29] . Figure 6 shows FETs measurements on CdSe QD films doped with different amounts of Ag [29] . From the nonmonotonic shifts in the turn-on voltage ( Fig. 6b and d ) and a comparison with silver doping of bulk semiconductors, the authors speculated that the doping changed from interstitial ntype to substitutional p-type with increased number of impurities [29] . The change in the Fermi level changed mobilities in the range from 0.01 to 0.1 cm 2 V À1 s À1 depending on the doping level (Fig. 6e) [29] . Despite the clear influence of the Ag doping, the authors concluded that further work is necessary to gain a better fundamental understanding of doping in semiconductor QDs so it can be used in applications [29] . In very recent work, Murray and Kagan's groups showed that the carrier type, concentration, and Fermi level in QD films can be precisely controlled through the net dot stoichiometry [81] . The stoichiometry of colloidal QDs can be described by Hens' model of a stoichiometric ''bulk-like'' core with an outer shell of ions with a non-stoichiometric composition [118, 129] . It has also been modelled that the effect on charge carrier transport by changing the stoichiometry might be especially pronounced in PbX (X = S or Se) QD films [116, 118] . In the work of Murray and Kagan's groups the stoichiometry of ligand exchanged lead chalcogenide QD FETs was changed by introducing excess Pb or Se through thermal evaporation after deposition of the PbSe QD film [118] . The evaporation resulted in a shift of the Fermi level closer to the conduction band with Pb and closer to the valence band with Se (see Fig. 7 ) measured by changes in the threshold voltage [118] . Consequently, PbSe FETs showed n-type behaviour upon evaporation of Pb with linear electron mobilities of up to 9.0 AE 2 cm 2 V À1 s À1 and p-type behaviour upon evaporation of Se with linear hole mobilities of 0.3 AE 0.05 cm 2 V À1 s À1 . Even though, doping of QDs by changing the stoichiometry in this study was successfully applied to increase the mobilities of FETs, it was still argued that its effect on surface trap states needs further exploration [118] .
Prospects for quantum dot based FETs
Today's microelectronic devices are based on crystalline inorganic semiconductors like silicon with intrinsic mobilities (due to bandlike transport rather than carrier hopping) that can reach 1000 cm 2 V À1 s À1 and device lifetimes over 50 years [1] . Despite all the efforts in other material technologies this has been an unassailable truth for at least the last 50 years. With a size tunable band gap, a small exciton binding energy and high PL quantum yields, inexpensive solution processed colloidal semiconductor QDs offer great potential for use in electronic and optoelectronic devices [3, 130] . Processing these QDs into devices is cheaper and, disentangled from the requirements of epitaxial growth on crystalline substrates, the materials are more versatile than other (bulk) crystalline inorganic semiconductors since low cost processes like spin coating and flexible plastic substrates can be used [3] . Despite these advantages, up to recently QD based FETs were rather used as a research tool, backing up promising results in carrier mobility and other studies in support of devices other than FETs, for example, QD based solar cells, rather than as electronic devices in their own right. That is because the traditional surface capping ligands, which are so necessary to regulate QD size and polydispersity during the growth, to prevent aggregation in solution and in summary to help achieve quantum confinement, form an insulating layer around the QDs that hinders efficient charge transport in a QD solid. There is an inherent contradiction between strong quantum confinement and electronic charge carrier transport [57] . However the body of work presented in this Review including examples of different treatments to improve charge carrier transport, shows that by applying judicious compromises vis-à-vis the ligands in the final processed films, QD based FETs are now reaching carrier mobilities comparable with organic FETs. In fact, as QD FET carrier mobilities have risen and the overall quality of the QD films has improved, several groups have started to report conduction mechanisms [64, 71, 76, 82] which have attributes similar to band-like conduction in conventional bulk semiconductors such as silicon, and indeed this would be a very worthwhile objective to pursue. However, Guyot-Sionnest cautions in a recent Perspective article [131] that the negative temperature coefficient of mobility experimentally observed below some critical temperature value, is probably not a marker of the onset of band like hopping, but may still be consistent with a carrier hopping model. He argues that the size polydispersity, for example, gives rise to a disorder with an energy scale exceeding the coupling energy between dots and would therefore frustrate bandlike conduction. Liu et al. [76] postulated that limited disorder might allow the formation of finite domains of a few dots extent wherein minibands may form, but still hopping dominates interdomain communication of charge. Notwithstanding the scope for eventually achieving band-like transport, the current debate is nonetheless a healthy sign of improving carrier mobilities. By crossing the mobility limit of 30 cm 2 V À1 s À1 in 2012, scientists can now start to work on other parameters, like reducing hysteresis, lowering threshold voltages and the bias stress effect [92] to realize the full potential of solution processed colloidal QDs FETs. The way to achieve these goals could be guided by the results of research on organic FETs, as we have described it, for example, for the gate material. In addition, controlling the doping process will be an important aspect in the research on QD FETs and in the development of low-cost p-n junctions and bipolar transistors. In terms of how close QD FET technology is to commercialization, Table 3 shows that though going head to head with conventional silicon CMOS on its home ground is a long way off and may never be realizable in terms of high mobility (high current) devices, there are performance areas where the processability and absence of the need for an epitaxial substrate, coupled with the potential for low cost fabrication should be starting to stimulate Materials Today Volume 16, Number 9 September 2013 RESEARCH [136] recently showed how to achieve high sensitivity in a photodetector by combining the optical properties of QDs with the transport properties of graphene. Due to the outlined potential of colloidal QDs for electronic and optoelectronic applications and the impressive improvements in the last few years we expect that colloidal QD FETs will continue to make the step from research driven by scientific curiosity to economically attractive commercial applications in the near future.
